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Abstract

Long fibers of bone-like hydroxyapatite/collagen nanocomposites were fabricated via a self-organization under biomimetic
conditions in order to obtain much more suitable biomechanical and biochemical properties for artificial bone and tissue
engineering scaffolds. The fiber growth was controlled with ionic strength in the reaction vessel and was explained by a
crystal growth model. The composite fiber grew up to 75 mm in length and demonstrated straight extinction under a
polarized microscope. The composite compacts were incorporated into bone metabolism, and their resorption was
controlled with crosslinkage. The composite is utilizable for the bone reconstruction materials that can gradually change
into bone.

Introduction

Bone is a well-designed nanocomposite functioned as vertebrates' structural materials and calcium reservoir [1]. In bone,
collagen forms periodic bundles, along which hydroxyapatite nanocrystals are aligned, resulting in good mechanical
properties. The nanostructure of bone also could be closely related to its metabolism because without this kind of
nanostructure, the materials cannot substitute with bone tissue via bone remodeling process even the materials are composed
of hydroxyapatite (HAp) and collagen [2, 3].

Since Bioglass” had been developed by Hench, bioceramics has been being developed worldwide to substitute structural
function of bone for bone defects caused by injuries and deceases. In fact, bioceramics usually indicates good
biocompatibility to living tissue in comparison to biotolerant metal artificial bones; bioinert ceramics, e.g., alumina and
zirconia, demonstrate high mechanical strength and no inflammations and bioactive ceramics, e.g., Bioglass®, hydroxyapatite
and A-W glass ceramics, reveal direct bone bonding properties. Although hydroxyapatite lacks high mechanical properties,
it has been used in medical and dental fields as bone fillers and coating materials on metal due to its similarity of composition
to bone minerals as well as bioactivity. However, these materials usually remain for a long time even they indicate a
possibility of resorption by osteoclasts in vitro and gradual dissolution by chemical reactions. The remaining of
biomaterials in bone usually caused serious problems such as bone fracture after bone absorption or stress shielding around
the materials; therefore, bioresorbable artificial bone materials are requested from physicians to manage patients' quality of
life. The first approach to bioresorbable artificial bone is to use biodegradable materials, e.g., polylactide based polymers
[4], highly soluble ceramics such as B-tricalcium phosphate [5], calcium carbonate [6] and calcium sulfate [7], and their
composites [8, 9].  Although some of them demonstrated adequate in biodegradable properties and osteoconductivity, they
still have a problem that they cannot cooperate with cells, especially osteoclasts and osteoblasts that play important roles in a
bone remodeling process, because they generally degrade chemically but biologically by osteoclasts. The second one is to
use biopolymers, mainly collagen sponges. The biopolymers actually decomposed by a biological process; however, they
are not sufficient for artificial bone because they resorbed by a phagocytosis of macrophages and have no mechanical
strength, usually collapse with swelling by adsorption of aqueous solution. The third and most sophisticated way is the use
of organic and inorganic bone components, collagen and HAp, with similar nanostructure to bone; however, as mentioned
above, it is very difficult to mimic nanostructure of bone and they are not showing obvious evidence that the materials
incorporate into bone remodeling process.

The authors assumed that the nanostructure of bone was self-organized via chemical interaction between surface ions on HAp
and functional groups on collagen because this structure is too small to fabricate with tentacles of cells, and have been
reported the reproduction of bone-like nanostructure by use of simple apparatus (Fig. 1) [10]. Further, the bone-like
HAp/Col nanocomposites are resorbed by osteoclasts followed by osteogenesis by osteoblasts, i.e., incorporated into bone
remodeling process [10-14]. In the present paper, HAp/Col composite fibers of 75 mm in length were synthesized by
controlling a self-organization condition closely to control mechanical properties and micro- and macro-structure. The
biological reaction of the resultant composite was examined by animal tests.
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Materials and Method pH controller X x

Hydroxyapatite/collagen (HAp/Col) composite fibers — =X I

were synthesized via self-organization process using I OO /

Ca(OH),, H;PO, (Reagent grade, Wako Pure Chemicals tube pump

Ind.) and type-I atelocollagen (Biomaterial Grade, Nitta ®)

Gelatin Inc.) as starting materials. Calcium hydroxide DII 0_ il
\

tube pump

was prepared by hydration of CaO, which was obtained
by decarbonation of CaCO; (Alkaline analysis grade, i |
Wako Pure Chemicals Ind.) at 1050 °C for 3 h to avoid )
existence of trace Mg. Type-I atelocollagen was 0 b
prepared by pepsin treatment of purified type-I collagen )
extracted from porcine dermis. The concentration and \
amount of the starting materials (Table 1) were
determined as total mass of the composite to be 10 g HsPO4 aq + Ca(OH)2 suspension
after ideal reaction of Ca(OH),, H;PO, and the sollagen
atelocollagen. Schematic drawing of synthesize = — Foact

2 X K o L \‘ eaction vessel
apparatus is shown in Fig. 1. Distilled deionized water water bath (40°C)
was previously added in a reaction vessel to measure pH
of reaction solution from a starting point of synthesis; Fig. 1. Schematic drawing of synthesis apparatus for the
the amount was the same as Ca(OH), suspension. The hydroxyapatite/collagen composite fibers. (After Kikuchi
HAp/Col composite was synthesized at pH 9 and 40 °C et.al.[10])
by a simultaneous titration method [10] at a titration rate
of 15 cm®/min of Ca(OH), and H;3PO, solutions. Calcium ion concentration in the reaction solution was measured by Ca ion
electrode (DKK-TOA Co.). Hydroxyapatite was synthesized by the same method using 800 cm® of 100 mM Ca(OH), and
1600 c¢cm® of 30 mM H;PO,4 as a reference of an oscillation of Ca ion concentration. The length of HAp/Col fibers
synthesized was measured with a Rapid-VUE" system (Beckman Coulter Inc.) up to 1 mm and with a ruler over 1 mm. The
fibers were also picked up with forceps one by one, observed with a polarized microscope and analyzed by an X-ray
diffractometry. The composite was further filtrated and formed into a cylindrical shape by dehydration using uniaxial
pressing. The composite compact was cut into 5x3x20 mm”; 3-point bending strength was measured by a universal testing
machine (AGS-1kN, Shimadzu) at a crosshead speed of 500 um/min with a span of 15 mm. The inorganic/organic ratios of
the composite fibers were measured with thermogravimeter-differential thermal analyzer (TG-DTA, Thermoplus, Rigaku
Co.) Animal test was carried out by veterinarian in accordance with the NIH guidelines for the care and use of laboratory
animals (NIH Publication # 85-23 Rev. 1985). The composite compacts were implanted into bone holes on tibia of Wistar
rats.

—

Table 1. Concentration and amount of starting materials.

Ca(OH), Conc. / mM 50 100 200 300 400 400
suspension Amount / cm’ 1600 800 400 166.7 200 200
. Conc. / mM 15 30 60 90 120 120
H3PO; solution 3
Amount / cm 3200 1600 800 333.3 400 400
Collagen 2 4
HAp/Col mass ratio 80/20 60/40

Results and Discussion

As shown in Fig.2, the HAp/Col fibers grew longer and thicker with decreasing in concentration of the reaction solutions.
The maximal length of the fibers was about 20 mm at a calcium concentration of 100 mM, while it is 20 pm or less at a
higher concentration [10]. From X-ray diffraction, the inorganic phase of the composite fibers prepared at a target HAp/Col
mass ratio of 80/20 was identified as a hydroxyapaite single phase and they at 60/40 were identified as hydroxyapatite and a
small amount of CaCO;. Calcium carbonate is considered as remains of starting materials that could not react with PO,
sufficiently. The mass ratios of the composite fibers prepared at a target HAp/Col mass ratio of 80/20 were in the range of
76/24 to 81/19 and they at 60/40 were 57/43 to 61/39. The mass ratio of collagen seemed to tend to increase with
decreasing in calcium starting concentration and increasing in fiber length but not obviously. The results suggest that the
reaction among Ca(OH),, H;PO, and atelocollagen almost ideally progressed. Polarizing microscopic photographs of the



60 pm Fiber growth

300 mM 200 mM

Calcium concentration of starting suspension

Figure 2. HAp/Col self-organized fibers prepared at various concentrations

composite fiber prepared at a target HAp/Col mass ratio of 60/40, shown
in Fig. 3, demonstrated straight extinction of fiber, i.e., orientation of
collagen microfibrils.

In Fig. 4, the time course of Ca ion concentration in the reaction vessel is
indicated. The Ca ion concentrations of a starting suspension and a
reaction solution were correlative and each calcium concentration of all
reaction solutions was higher enough than that of HAp saturated solution
but about a quarter of that of human blood plasma in which HAp does not
precipitate.  The variation of calcium concentrations for the HAp
synthesis and for the calcium concentration of 200 mM in the starting
suspension were greater than that for the other conditions, and mean
concentration was also relatively high. This difference was explained by
the nucleation of hydroxyapatite crystal and the fibrillogenesis of collagen
molecules. Without collagen, the homogeneous nucleation of
hydroxyapatite occurred only from a supersaturated solution. Generally,
hydroxyapatite crystals could not grow larger even in this supersaturated
condition because of its low solubility and complicated growth system in
comparison to other inorganic crystals [15]. As a result, the next
homogeneous nucleation must occur at higher concentration than
equilibrium one for hydroxyapatite crystals and calcium, phosphate and
hydroxyl ions to reach the equilibrium. Consequently, the calcium
concentration in the reaction vessel was unstable and varied widely.
Under the existence of collagen, however, hydroxyapatite crystals can
form on carboxyl groups of collagen that act as nucleation centers to
decrease the activation energy [10,16]. In addition, the hydroxyapatite
formation on the carboxyl groups promoted the fibrillogenesis of collagen
molecules though Ca ions were generally inhibitors for the fibrillogenesis
[17].  As a result, heterogeneous hydroxyapatite formation on collagen
molecules and collagen fibrillogenesis highly activated by hydroxyapaite
on collagen occurred simultaneously and continuously at low
concentration of starting materials. Although collagen was added in the
reaction solution, in the case of higher starting calcium concentration than
200 mM, addition of high concentration of starting materials led both
homogeneous in solution and heterogeneous on collagen functional group
nucleation of hydroxyapatite crystals due to acute raise of calcium (and
phosphate) concentrations. Coinstantaneously, collagen amounts in the
reaction vessel became larger and possibility of heterogeneous nucleation
of hydroxyapatite on collagen became higher. This condition led a
preparation of large amounts of short fibers of the HAp/Col composite and

Figure 3. Polarizing  microscopic
photographs of HAp/Col composite fiber.
HAp/Col mass ratio is 60/40.

they cannot join each other to grow as long fibers [collagen]. Because of these complex conditions, fiber length at calcium
starting concentration of 200 mM (and also 300 mM) widely changed from 1 mm to 20 mm in each synthesis. Further,
these conditions in the reaction vessel at the calcium starting concentration higher than 400 mM (data not shown) could not



allow growing long composite fibers due to high mean 40
ion concentration in the vessel. These mechanisms |
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explain that the fiber growth of the HAp/Col composite F —— 50mM
! : — 100mM
300 . —-- 200mM

behaves as the same as the crystal growth from
supersaturated solution. Although collagen fibril
growth is usually described as the similar process as the
crystal growth, collagen fibrils cannot grow longer from
physiological saline solution of collagen. i.e., collagen
concentration does not depend on fibril length [collagen].
The results suggested that the presence of hydroxyapaite
enhanced fiber growth of collagen molecules.

Ca concentration / ppm

The fiber growth led higher 3-point bending strength to
the composite about 20 MPa in comparison to 10 MPa
with short fibers as shown in Fig. 5. At the calcium

starting concentration of 200 mM, fiber lengths were 0 500 . 1000 1500 2000
very different in each experiments because of the reason . . time / second o
mentioned above. Therefore, bending strength was Figure 4. Time course of calcium concentration in the
significantly different for each synthesis as seen in wide reaction vessel.

standard deviation of bending strength. From these

results, reinforcement effect on the compact was increased with fiber
length. However, at a calcium starting concentration of 50 mM, even
the self-organized fibers grown up to 30 mm in maximum length, the
bending strength and Young's modulus decreased drastically. With
increasing in fiber length, water content of the compact increased in
particularly 50 mM of calcium concentration (55 mass% instead of 25-
30 mass% in the other conditions). The major reason why is the fibers
packed into the mold to dehydration could not be compacted dense by
an elasticity of fibers and sizes. The elasticity of fibers caused re-
hydration of the surrounding removed water in dehydration apparatus
to the compact after pressing. The large size of fibers obviously
inhibits dense packing as the same as to preparing green body for
sintering. The minor one is the tendency to contain larger amounts of ok . . . '
collagen in the fibers compared to other conditions because collagen 0 100 200 300 400
can hold larger amounts of water than hydroxyapaite. ~Water content Ca concentration / mM

is also important for biomaterials because it closely relates to affinity to

water, ie., absorbing properties of enzymes and cytokines and Figure 5.  Changes in bending strength of
attachment of cells.  Therefore, control of fiber length is very HAp/Col composite as a function of starting Ca
important to prepare artificial bone and scaffold materials having concentration.

suitable mechanical and biochemical properties.
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The results of animal tests demonstrated that the composite was incorporated into a bone remodeling process, i.e., the
composite was resorbed by osteoclastic cells followed be new bone formation by osteoblasts in the lacunae on the composites.
The coupling of the osteoclastic resorption and osteogenesis continued for at least 4 weeks. This obvious remodeling
process, quite similar to that observed for autogenous bone transplantation, has never been observed before the HAp/Col self-
organized nanocomposites in vivo [10], though many results in osteoclasis of hydroxyapatite ceramics [18] and B-tricalcium
phosphate ceramics [19] in vitro are reported. Some reports say the ceramic and composite materials resorbed by
osteoclasts in vivo [2, 3, 20], they demonstrates a few or no evidence in their paper concerning the formation of the bone
remodeling unit. The present study demonstrates that the remodeling process in vivo occurred with not only bone-like
composition of materials but self-organized bone-like nanostructure even the composite fiber size grow to centimeter scale.
Subsequently, cells can detect the nanostructure of materials through their nano-specific physicochemical properties.

Conclusion

The HAp/Col self-organized naocomposite fibers are grown by a control of both hydroxyapatite formation and collagen
fibrillogenesis via management of starting materials concentration. The maximum length of the composite fiber was grown
to 75 mm at a Ca starting concentration of 100 mM and HAp/Col mass ratio of 60/40. The HAp/Col composite fibers can



be utilize for scaffold of bone tissue engineering due to their shape to easily prepare sponge, net and sheet as well as their
osteoactivity that incorporated into bone remodeling process.
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